The role of the p300 and CREB binding protein (CBP) transcriptional coactivators in the regulation of cellular gene expression is complex and involves the modulation of gene expression in cooperation with many transcription factors. The activation of many cellular transcription factors by the p300 and CBP coactivators, including CREB (23) , Myb (9) , Fos (3), Jun (5), Sap1␣ (19) , NF-B (34), p53 (15, 25) , Stat 1 (44), Stat 2 (7), nuclear receptors (21) , and myogenic transcription factors (11) , has been widely demonstrated, but the mechanisms for coordinating the regulation of these different transcriptional activators are poorly understood. p300 and CBP transcriptional coactivators likely function, in part, through their histone acetylation property (4, 31) , which is also shared by p300/CBP-associated factor, P/CAF (43) . In addition, the p300/CBP transcriptional coactivators may provide a link between specific transcription factors and the general transcriptional machinery through binding to TFIIB and TATA binding protein (TBP) (1, 10, 23) . In vitro experiments with the beta interferon enhanceosome have demonstrated that certain transcriptional activators recruit TFIIB and other general transcription factors to the enhanceosome, which allows for subsequent recruitment of a CBP-containing RNA polymerase II holoenzyme (22) . Thus, multiple contacts between promoterbound factors and the holoenzyme may be required for assembly of a stable transcription complex, and the interaction of p300/CBP with both specific and general transcription factors may facilitate this process.
Proteins that regulate cellular signaling and proliferation have also been found in association with p300/CBP. For instance, pp90
Rsk and p160 Src have been shown to contribute to the control of p300/CBP function (28, 29) . In addition, cyclin E-cyclin-dependent kinase 2 (cyclin E-Cdk2), required for the G 1 /S transition of the cell cycle, has been found in association with p300/CBP (34) . These complexes also seem to regulate p300 function, since inhibition of cyclin E-Cdk2 by the p21 cyclin-dependent kinase inhibitor activates NF-B function through p300 (34) . The mechanism for regulation of p300 by cyclin E-Cdk2 complexes, however, has not been determined.
The adenoviral E1A proteins also bind to and inhibit p300/ CBP (41) . In addition to disrupting cell proliferation, E1A controls gene expression of both early viral and certain cellular transcripts. The single E1A message is spliced to give rise to two products, the 13S and 12S proteins of E1A, which share two conserved regions, CR1 and CR2, while 13S E1A contains a third motif, CR3, that is not present in the 12S form (13, 20) . The transcriptional activating potential of 13S E1A is well documented and is linked to the CR3 region, the portion of E1A that interacts with the TBP (13, 14, 20) . 12S E1A, however, represses transcription of certain viral and cellular genes (8, 12, 17, 18, (38) (39) (40) , although its mechanism remains unclear.
Here we investigate the molecular mechanisms underlying the regulation of p300 function by E1A, cyclin E-Cdk2, and TFIIB. In particular, we analyze the requirements for p300 binding by cyclin E-Cdk2, the 12S and 13S proteins of E1A, and TFIIB and compare the specificities of and levels of competition between these interactions. We conclude that TFIIB, cyclin E-Cdk2, and E1A all bind within a common region of p300 and that competition for binding to p300 suggests a mechanism for integrating a wide variety of cellular signals.
MATERIALS AND METHODS
Plasmids, cell culture, and nuclear extracts. The COOH region of p300 was cloned into pBluescript as described previously (34) , with the introduction of a Kozak sequence upstream of amino acid 1240. BstEII, StuI, and StyI sites in the p300 insert were utilized to introduce termination codons following residues 1906, 1710, and 1542, respectively. A DNA fragment encoding residues 1532 to 1900 of p300 was amplified by PCR and fused downstream of the glutathione S-transferase (GST) gene in pGEX-CD to generate pGEX-p300 (residues 1532 to 1900) containing the cyclin E-Cdk2, TFIIB, and E1A binding sites. PCR products containing the 13S and 12S E1A cDNAs were cloned into pGEX-6P-1 (Pharmacia) to generate GST-13S E1A and GST-12S E1A.
Human TFIIB was cloned by reverse transcription-PCR from Jurkat cell mRNA by using SuperScript II Moloney murine leukemia virus reverse transcriptase (GIBCO BRL) and Pwo polymerase (Boehringer Mannheim) and ligated into the HindIII and BamHI sites of pBluescript SK in the T7 orientation to generate pBS-TFIIB. The TFIIB cDNA was also cloned into pGEX-CD for expression of GST-TFIIB. A PstI site was introduced into the TFIIB sequence by PCR to generate TFIIB-cyclin E (114/125) containing the N terminus of TFIIB (residues 1 to 114) fused to the C terminus of cyclin E (residues 125 to 395), which includes the cyclin box. The TFIIB-cyclin E (114/125) plasmid was used to generate a truncated TFIIB-cyclin E fusion by PCR with primers corresponding to the N-terminal TFIIB fragment (HindIII) and to the cyclin homology domain of cyclin E (XmaI). This fragment containing the TFIIB N terminus (residues 1 to 114) fused to the cyclin homology domain of cyclin E was cloned into pBluescript SK in the T7 orientation to generate pBS-TFIIB/Cyclin E cyclin homology domain.
GST proteins were expressed in BL21 (DE3) cells, and extracts were prepared as described elsewhere (36) . GST fusion proteins were purified by using glutathione-Sepharose beads (Pharmacia) and washed three times with immunoprecipitation (IP) buffer (34) . In vitro-translated proteins (T7 TNT rabbit reticulocyte transcription and translation system [Promega]) were incubated with purified GST proteins in IP buffer for 2 h, and the complexes were washed three times with IP buffer. Complexes were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 8% polyacrylamide). For binding of GST proteins to Cdk2 from nuclear extracts, purified GST proteins were incubated with 50 g of Jurkat cell nuclear extract and washed three times with IP buffer. Jurkat human T leukemia cells were maintained in RPMI medium (GIBCO BRL) containing 5% fetal bovine serum, 50 g of L-glutamine per ml, and 50 U of penicillin and streptomycin per ml. Nuclear extracts were prepared as previously described (33) . Complexes were analyzed by SDS-8% PAGE, followed by Western blot analysis, by using an antibody to Cdk2 (SC-163; Santa Cruz). Cdk2 antibodies were used at a concentration of 0.5 g/ml, and a secondary anti-rabbit antibody (Cappel) linked to horseradish peroxidase was used at a dilution of 1:8,000. Proteins were visualized with an enhanced chemiluminescence system (Amersham).
For binding to in vitro-translated proteins, immunoprecipitations were performed on 100 g of Jurkat cell nuclear extracts with antibodies to Cdk2 (SC-6248; Santa Cruz) or TFIIB (SC-225; Santa Cruz). Complexes were washed three times with IP buffer, incubated for 2 h with in vitro-translated proteins, washed three additional times, and subjected to SDS-PAGE analysis. For immunoprecipitations of p300 followed by Western blot analysis with antibodies to Cdk2 or for immunoprecipitations of Cdk2 followed by Western blot analysis with antibodies to Cdk2, cyclin E (SC-198; Santa Cruz), and p300, 3 mg of Jurkat cell nuclear extract was used.
Competition assays. GST proteins were purified as described above and eluted from glutathione-Sepharose beads by incubation with 10 mM reduced glutathione in IP buffer. Immunoprecipitations and binding of in vitro-translated proteins were performed as described above, except that at the time of addition of the in vitro-translated protein, increasing amounts of the eluted GST proteins were added.
RESULTS
A common region of p300 binds to Cdk, TFIIB, and E1A proteins. To examine combinations of proteins that bind to p300, we compared the levels of binding of p300 to TFIIB, the 12S and 13S proteins of adenovirus E1A, and cyclin E-Cdk2 complexes. TFIIB and cyclin E-Cdk2 have been shown to interact with the COOH-terminal region of CBP and p300, respectively (23, 34) . The specific requirement of amino acid residues 1767 to 1816 of p300 for binding to 12S E1A has been previously characterized (2) .
To define the regions of p300 that bind to cyclin E-Cdk2, TFIIB, and the 12S and 13S proteins of E1A, these proteins were incubated with various truncations of in vitro-transcribed and -translated COOH-terminal p300. GST fusion proteins of TFIIB, 12S E1A, or 13S E1A were incubated with these translated radiolabeled COOH-terminal p300 fragments that spanned amino acids 1240 to 2414, 1240 to 1906, 1240 to 1710, and 1240 to 1542. TFIIB bound to all four p300 fragments, but the interaction was substantially less with the shortest p300 fragment, truncated at amino acid 1542 (Fig. 1A) , than with a GST control. Both the 12S and 13S proteins of E1A also bound to these p300 fragments, and binding was still pronounced even with the shortest fragment (Fig. 1B) . The binding of cyclin E-Cdk2 complexes to p300 was tested by incubating the in vitro-translated p300 fragments with immunoprecipitated cyclin E-Cdk2 complexes. Binding of cyclin E-Cdk2 to p300 most resembled the binding of 12S and 13S E1A proteins to p300 (Fig. 1C) , suggesting that these proteins may recognize common epitopes of p300. While interactions of cyclin E-Cdk2, 12S and 13S E1A proteins, and TFIIB with p300 seem complex and may involve multiple domains, the localization of binding to similar regions of p300 suggested possible competition between these p300 binding proteins. In addition, since cyclin E-Cdk2, TFIIB, and 12S and 13S E1A proteins all bound to even the smallest carboxy-terminal p300 fragment, the possibility of competition among these proteins for binding to this p300 region was strengthened.
Competitive binding of cyclin E-Cdk2 and TFIIB to p300 and effects of 12S and 13S E1A proteins on p300 binding activities. To examine the possibility that these proteins may affect the binding of one another to p300, competition experiments were performed. Immunoprecipitated cyclin E-Cdk2 was incubated with in vitro-translated COOH-terminal p300 and increasing amounts of control GST or GST-TFIIB. Addition of GST-TFIIB specifically inhibited the binding of cyclin E-Cdk2 to p300 ( Fig. 2A) , suggesting that p300 binds to TFIIB and cyclin E-Cdk2 through an overlapping site.
12S E1A and 13S E1A were tested in the competition assay with immunoprecipitated cyclin E-Cdk2 and TFIIB. Interestingly, 12S E1A inhibited TFIIB binding to p300 but did not affect the cyclin E-Cdk2 interaction with p300 (Fig. 2B) . In contrast, 13S E1A enhanced the binding of cyclin E-Cdk2 to p300 but had no effect on TFIIB binding to p300 (Fig. 2C) . Densitometric analysis revealed that p300 binding to cyclin E-Cdk2 in the presence of GST-13S E1A was increased more than threefold relative to the binding observed in the presence of the control GST. These findings suggested that different forms of E1A may function to inhibit p300 activity by inhibiting the binding of p300 to the basal transcriptional machinery, as in the case of 12S E1A, or by enhancing interactions between p300 and cyclin E-Cdk2 complexes, as in the case of 13S E1A.
Differences in specificity of TFIIB and homologous cyclin E regions for interaction with p300. The ability of TFIIB to compete with cyclin E-Cdk2 for binding to p300 suggested that these proteins may share similar domains that interact with p300. The regions of TFIIB required for binding to CBP have been previously mapped to both NH 2 -terminal and COOHterminal domains (23) . The TFIIB NH 2 -terminal region contains a putative zinc-binding domain. The COOH-terminal region bears two 84-amino-acid imperfect direct repeats that form a protease-resistant core. This core domain is able to form a stable complex with TBP and DNA but cannot support further assembly of the basal transcription complex (6, 26, 42) . In addition, the repeats are similar in their three-dimensional structure to a region in cyclin A, known as the cyclin box or cyclin homology domain (30) (Fig. 3A) . Cyclins B, D1, and E contain homologous cyclin box sequences (16) . Interactions of the cyclin E cyclin homology domain with p21 seem to resemble those demonstrated with the p27 cyclin-dependent kinase inhibitor and cyclin A (35) ; this, together with the similarity in the TFIIB and cyclin A structures, suggested that the cyclin boxes in TFIIB and cyclin E may have similar functions. We first examined the contribution of the domains of TFIIB to the TFIIB-p300 interaction. In vitro-translated deletion mutants of TFIIB were incubated with a GST-p300 fusion protein containing amino acids 1532 to 1900 of p300 or a control GST protein (Fig. 3B) . The amino-terminal TFIIB fragment showed a substantial reduction in p300 binding compared to that of full-length TFIIB or the TFIIB fragment lacking the second repeat, suggesting a minimal requirement of both the NH 2 -terminal zinc binding region and the first direct cyclin repeat for optimal binding of TFIIB to p300. When in vitro-translated cyclin E was incubated with GST-p300, no binding was detected (Fig. 3C) , indicating a difference in specificity of these gene products despite the presence of related cyclin boxes in these proteins.
To further define the contribution of the TFIIB domains to p300 binding, chimeric TFIIB-cyclin E vectors were constructed. Substitution of the first cyclin E repeat for the first TFIIB repeat eliminated the binding of TFIIB to p300 (Fig.  3D) , demonstrating that the cyclin E cyclin box does not bind to p300. Interestingly, addition of the cyclin E repeat to TFIIB inhibited the ability of the NH 2 -terminal p300 binding domain of TFIIB to interact with p300. The structural integrity of the chimeric protein was confirmed through its ability to interact with the p21 cyclin-dependent kinase inhibitor (data not shown).
The lack of binding of cyclin E to p300 suggested that interactions of p300 with cyclin E-Cdk2 complexes may require regions of both cyclin E and Cdk2 in order to provide the binding motif for p300. We have previously demonstrated binding of p300 to immunoprecipitated cyclin E (34). In experiments using in vitro-translated cyclin E and Cdk2 and GST-p300 (amino acids 1532 to 1902), however, interactions between Cdk2, cyclin E, and p300 were not observed (data not   FIG. 1 . TFIIB, 12S and 13S E1A proteins, and cyclin E-Cdk2 bind to similar regions of p300. (A) TFIIB binds to p300 carboxy-terminal fragments ending at amino acids 2414, 1906, and 1710. In vitro-translated, carboxy-terminal p300 fragments were incubated with GST (lanes 2, 5, 8, and 11) or GST-TFIIB (lanes 3, 6, 9, and 12). The in vitro-translated p300 fragments each began at amino acid 1240. Complexes were subjected to SDS-8% PAGE analysis, and 10% of the in vitro translation reaction mixture was loaded in lanes 1, 4, 7, and 10. (B) GST-12S and -13S E1A proteins bind to p300 carboxy-terminal fragments ending at amino acids 2414, 1906, and 1542. In vitro-translated, carboxy-terminal p300 fragments were incubated with a control GST (lanes 14, 18, 22, and 26), with GST-13S E1A (lanes 15, 19, 23, and 27), or with GST-12S E1A (lanes 16, 20, 24, and 28); this was followed by SDS-8% PAGE analysis. Lanes 13, 17, 21, and 25 contain 10% of each in vitro translation reaction product. (C) Immunoprecipitated Cdk2 complexes bind to p300 carboxy-terminal fragments ending at amino acids 2414, 1906, and 1542. Products of immunoprecipitations with control antibodies (lanes 30, 33, 36, and 39) or antibodies to Cdk2 (lanes 31, 34, 37, and 40) were incubated with in vitro-translated p300 fragments and subjected to SDS-8% PAGE analysis. Lanes 29, 32, 35, and 38 contain 10% of the in vitro-translated p300 fragments. Arrows labeled a, b, c, and d indicate the positions of carboxy-terminal p300 fragments ending at residues 2414, 1906, 1710, and 1542, respectively.
shown). This finding suggested that intact cyclin E-Cdk2 from a cellular source may be required for complex formation. To examine this possibility, GST-p300 (amino acids 1532 to 1902) was incubated with nuclear extracts from Jurkat T lymphocytes, and Western blot analysis was performed to test for the presence of Cdk2 (Fig. 4A) . Cdk2 was readily detected in the presence of GST-p300 but not in a control GST sample. Cdk2 was also found in p300 immunoprecipitates from Jurkat cell nuclear extracts (Fig. 4B) , and both p300 and cyclin E coimmunoprecipitated with Cdk2 (Fig. 4C) , confirming the presence of a p300-cyclin E-Cdk2 ternary complex in vivo. These results suggest that the cyclin E-Cdk2-p300 interaction requires specific protein-complex conformations or posttranslational modifications not present in in vitro-translated products.
DISCUSSION
In this study, we show that E1A, cyclin E-Cdk2, and TFIIB each bind to overlapping COOH-terminal domains of p300, suggesting that E1A and cyclin E-Cdk2 may affect the interaction of p300 with TFIIB and regulate the link between specific and general transcription factors. While the 12S and 13S proteins of E1A, cyclin E-Cdk2, and TFIIB bind to a common region of p300, they appear to interact with p300 in different ways. TFIIB competes with cyclin E-Cdk2 for binding to p300, whereas the 13S form of E1A enhances the binding of cyclin E-Cdk2. 12S E1A inhibits the binding of TFIIB to p300, while 13S E1A has no effect on the p300-TFIIB interaction. Although TFIIB and cyclin E share a structurally similar cyclin homology domain, substitution of the cyclin E cyclin homology domain for the first TFIIB cyclin homology domain eliminates binding of TFIIB to p300. Cyclin E-Cdk2 binding to p300 occurs only with cyclin E-Cdk2 complexes from nuclear extracts, suggesting that this interaction requires additional factors or modifications not present in vitro. The ability of proteins involved in p300 regulation to alter the interactions of p300 with a critical general transcription factor suggests that FIG. 2. TFIIB and 13S E1A affect the binding of cyclin E-Cdk2 complexes to p300, while 12S E1A affects the binding of TFIIB to p300. (A) TFIIB inhibits interactions between cyclin E-Cdk2 and p300. Products of immunoprecipitations performed with antibodies to Cdk2 were incubated with increasing amounts of purified GST (lanes 3 to 5) or GST-TFIIB (lanes 6 to 8), as indicated, followed by the addition of an in vitro-translated carboxy-terminal p300 fragment spanning amino acids 1240 to 1906 [p300(C)]. Complexes were analyzed by SDS-8% PAGE. Lane 1 contains 10% of the in vitro-translated p300 sample, and lane 2 shows the control immunoprecipitate which contains no competitor GST protein. (B) 12S E1A weakly inhibits the interaction of p300 with TFIIB but has no effect on the interaction of p300 with cyclin E-Cdk2. The cyclin homology domain and the amino terminus of TFIIB interact with p300. In vitro-translated fragments of TFIIB, including the entire protein (FL), a form truncated at amino acid 114 (1-114), and a form truncated at amino acid 202 (1-202), were incubated with control GST (C) or GST-p300 (p300). Complexes were analyzed by SDS-12% PAGE, and lanes 1 to 3 were used to show 10% of the in vitro-translated products. The GST-p300 fragment contained amino acids 1532 to 1900. Arrows labeled a, b, and c indicate the positions of TFIIB amino acids 1 to 316, 1 to 202, and 1 to 114, respectively. (C) Cyclin E alone does not bind to p300. In vitro-translated cyclin E was incubated with control GST (lane 11) or GST-p300 (lane 12). Complexes were examined by SDS-12% PAGE. Lane 10 contains 10% of the in vitro-translated cyclin E. (D) A chimeric protein containing the amino terminus of TFIIB and the cyclin homology domain of cyclin E does not bind to p300. Control GST (lanes 14 and 17) or GST-p300 (lanes 15 and 18) was incubated with the in vitro-translated TFIIB fragment (amino acids 1 to 202) or a similar fragment in which the TFIIB cyclin homology domain was replaced with the cyclin E cyclin homology domain (TFIIB/cyclin E CHD). Complexes were analyzed by SDS-12% PAGE, and 10% of the input in vitro-translated proteins are shown in lanes 13 and 16. p300 functions, in part, by linking cell cycle regulators and general transcription factors.
Our observations of cooperative and competitive interactions of cyclin E-Cdk2 and TFIIB with p300 provide mechanistic explanations for several previously described functional activities of these proteins. For instance, we have demonstrated that expression of the p21 cyclin-dependent kinase inhibitor activates human immunodeficiency virus transcription through NF-B and p300 (34) . This finding suggested that inhibition of cyclin E-Cdk2 complexes activates NF-B through p300 and that active cyclin E-Cdk2 antagonizes this activation. We have also shown that p21 specifically inhibits cyclin E-Cdk2 complexes associated with p300-Rel A and CBP-Rel A complexes, confirming that one mechanism for p21 activation of NF-B through p300-CBP is by its inhibition of associated cyclin E-Cdk2 complexes. While active cyclin ECdk2 complexes seem to inhibit p300-CBP function, TFIIB contributes to the activation of transcription by p300-CBP, as demonstrated by its involvement in the recruitment of a CBPcontaining RNA polymerase II holoenzyme to the beta interferon enhancer (22) . Thus, the observation reported here that TFIIB and cyclin E-Cdk2 complexes compete for binding to a common region of p300 provides an explanation for the opposing effects of TFIIB and cyclin E-Cdk2 complexes on p300 activity. This example of competitive interactions at the COOH terminus of p300 could be a mechanism that occurs with additional regulatory proteins to control a variety of promoters dependent on p300.
Although the binding of TFIIB and cyclin E-Cdk2 to p300 is competitive, cyclin E-Cdk2 and TFIIB differ in the biochemical basis for their interaction with p300. The binding of TFIIB involves, in part, its cyclin homology domain, but the corresponding region of cyclin E alone cannot facilitate p300 binding. This result is consistent with the findings of others who have shown that sequences within both the amino-and carboxy-terminal regions of TFIIB are necessary for its interaction with CBP (23) . Intact cyclin E-Cdk2 complexes from nuclear extracts are required for interactions with p300, suggesting that a specific conformation or posttranslational modification of cyclin E-Cdk2 or additional polypeptides are needed to mediate interactions between cyclin E-Cdk2 and p300. Cdk2 function is modulated at specific cell cycle phases by phosphorylation and dephosphorylation at certain threonine and tyrosine residues (27) . The requirement of the assembled cyclin E-Cdk2 complex and an additional role of phosphorylation of critical residues may ensure the formation of cyclin E-Cdk2-p300 complexes at distinct times for proper regulation of certain genes.
The 13S form of E1A enhances the binding of p300 by cyclin E-Cdk2. 13S E1A alters the effects of p300 on cell cycle control and activates the transcription of viral and cellular genes, presumably through interactions with TBP (14, 24) . The mechanism for modulation of cell cycle control by p300 in the presence of 13S E1A may lie in its ability to increase cyclin E-Cdk2 association with p300, while the ability of 13S E1A to bind TBP may provide an alternative pathway by which to enhance transcription, for example, as observed in activation of NF-B-independent human immunodeficiency virus transcription (32) .
12S E1A inhibits the interaction of p300 with the general transcription factor TFIIB. This result suggests a model for 12S E1A-mediated repression whereby E1A inhibits gene expression by preventing p300 from interacting with a component of the general transcription machinery. Consistent with this hypothesis, overexpression of p300 eliminates repression by 12S E1A, presumably because additional p300 molecules titrate E1A, thus restoring the p300-TFIIB interaction (37) . Further support for this model comes from experiments using an E2 DNA binding domain-p300 fusion protein that activates transcription from E2 binding sites. Arany et al. have shown that activation by p300-E2 is repressed by 12S E1A and that mutations in 12S E1A or p300 that impair the p300-E1A interaction also eliminate E1A-mediated repression of p300-E2 activity (2) . The repressing activity of 12S E1A resides in the NH 2 -terminal portion of the protein, a region common to both the 12S and 13S forms. It is possible that CR3, the domain specific to 13S E1A, masks the TFIIB-competing activity found in the NH 2 terminus.
The ability of viral and cell cycle regulatory proteins to regulate p300 function suggests that these proteins may alter the interaction of p300-CBP with other key regulatory proteins. In fact, E1A competes with the P/CAF histone acetylase for binding to p300. Conversely, E1A does not inhibit intrinsic p300-CBP histone acetyltransferase activity. Thus, E1A may inhibit p300 by one or both of two possible mechanisms: (i) by altering histone acetylation through competition with P/CAF and (ii) by altering the connections between p300 and the basal machinery by regulating levels of cyclin E-Cdk2 and TFIIB bound to p300. The ability of p300 to integrate diverse signal transduction pathways and activities of viral proteins may lie in the selective binding of p300 to specific subsets of proteins at defined times during cell growth and differentiation.
